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The tolQRAB-pal operon is conserved in Gram-negative
genomes. The TolQRA proteins of Escherichia coli form an
inner membrane complex in which TolQR uses the proton-mo-
tive force to regulate TolA conformation and the ix vivo inter-
action of TolA C-terminal region with the outer membrane Pal
lipoprotein. The stoichiometry of the TolQ, TolR, and TolA has
been estimated and suggests that 4 — 6 TolQ molecules are asso-
ciated in the complex, thus involving interactions between the
transmembrane helices (TMHs) of TolQ, TolR, and TolA. It has
been proposed that an ion channel forms at the interface
between two TolQ and one TolR TMHs involving the TolR-
Asp?3, TolQ-Thr'*?, and TolQ-Thr'”® residues. To define the
organization of the three TMHs of TolQ, we constructed
epitope-tagged versions of TolQ. Immunodetection of in vivo
and in vitro chemically cross-linked TolQ proteins showed that
TolQ exists as multimers in the complex. To understand how
TolQ multimerizes, we initiated a cysteine-scanning study.
Results of single and tandem cysteine substitution suggest a
dynamic model of helix interactions in which the hairpin
formed by the two last TMHs of TolQ change conformation,
whereas the first TMH of TolQ forms intramolecular
interactions.

The Tol-Pal proteins of the Escherichia coli cell envelope are
critical to maintain outer membrane stability (1, 2). In many
bacteria, including pathogenic strains, mutations within the
genes encoding these proteins display a lethal phenotype, sug-
gesting that the Tol-Pal proteins fulfill an essential function in
the bacterial cell (1). Several observations suggested an impor-
tant function of the Tol-Pal proteins in cell division or outer
membrane biogenesis and stability. A role of this system in the
late stages of cell division has been proposed (3). The Pal lipo-
protein has been shown to interact with the 3-barrel assembly
machinery complex in Caulobacter crescentus and has been
suggested to anchor it to the peptidoglycan layer (4). Recently,
Yeh et al. (5) showed that the Tol-Pal proteins of C. crescentus
regulate the localization of the TipN polar factor and are there-
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fore key components of the cell envelope structure and of polar
development. Finally, tol-pal mutant cells have been shown to
release outer membrane vesicles and present important outer
membrane defects such as increased susceptibility to toxic
compounds and leakage of periplasmic content (1, 6).

Two proteins, TolB and Pal, form a complex associated to
the outer membrane (7-9). TolQ, TolR, and TolA locate in the
inner membrane. TolR and TolA possess one transmembrane
helix (TMH)? with the bulk of the protein protruding in the
periplasm (10, 11). TolQ has three TMHs (12). The three inner
membrane proteins TolQ, TolR, and TolA interact through
their TMHs with a respective stoichiometry of 4—6:2:1 (12, 13).
Pairwise interactions between these three proteins have been
detected using chemical cross-linking or isolation of suppres-
sive mutations (12, 14-18). Taken together, these results
enabled the building of a first model of organization of the Tol
TMHs in the inner membrane.

Sequence comparison showed that the TolAQR complex
shares similarities with two other systems using the transmem-
brane ion potential or proton motive force (PMF). The TonB-
ExbB-ExbD and MotA-MotB energy-driven protein complexes
use the PMF for the import of iron siderophore or vitamin B12
through the outer membrane and for propelling the flagella,
respectively. Parallel studies on the TolQR, ExbBD, and MotAB
complexes have suggested the existence of an ion channel
delimited by three helices: TolR-TMH and TolQ-TMH2 and
-TMH3 (or corresponding TMHs in ExbBD and MotAB (13,
15-18)). Ion channel activity has been proposed to lie on hydro-
philic residues conserved in these helices: the aspartate residue
in TolR/ExbD/MotB and two threonine residues in TolQ/
ExbB/MotA TMHs (13, 17-22). Further targeted mutagenesis
demonstrated the importance of these residues in TolQR,
ExbBD, and MotAB function (13, 17, 18, 21).

The observation that TolR and TolQ TMHs share residue
conservation with those of ExbBD and MotAB suggested that
these couples provoke energy-driven mechanisms (13, 19, 20).
ExbBD and MotAB convert the chemical energy from the ion or
proton gradient of the inner membrane to mechanical move-
ments that lead to import of siderophores and to flagellar rota-
tion, respectively (21, 23). Conformational changes in response
to PMF have been demonstrated in these different complexes:
rotation of the MotB and TolR transmembrane helices (19, 24)

2The abbreviations used are: TMH, transmembrane helix; TM, transmem-
brane; PMF, proton-motive force; DOC, deoxycholate; NEM, N-ethyl
maleimide; CuoP, copper (Il) orthophenanthroline.
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and structural transition of the MotA cytoplasmic domain and
of the TolR, ExbD, TonB, and TolA periplasmic domains (21,
22, 25, 26). In addition to PMF, the structural modifications of
TonB and TolA have been shown to be dependent upon the
ExbBD and TolQR proteins, respectively (25, 26). These con-
formational changes regulate protein-protein interactions.
Upon PMF sensing, the ExbD periplasmic domain interacts
with TonB, whereas the TolA C-terminal domain interacts
with the Pal outer membrane lipoprotein (13, 27, 28). Despite
intensive targeted mutagenesis, cross-linking, and genetic sup-
pressive approaches, no structural information is currently
available for the TolQ-TolR, ExbB-ExbD, or MotA-MotB
membrane complexes. However, the three-dimensional struc-
tures of the soluble periplasmic regions of ExbD and TolR have
been solved (29, 30). To gain insights on the organization of the
TM segments within the complex, we recently initiated a sys-
tematic cysteine-scanning approach. This technique has been
widely used, mainly to understand how inner membrane com-
plexes organize in the membrane bilayer and how they work at
a mechanistic level. This has been particularly useful for bacte-
rial chemoreceptors, the Sec machinery, ATP/ADP translo-
cases, efflux pump components, and the lactose permease (31—
35). Herein, we report the characterization of the TolQ TMHs.
First, using functional epitope-tagged versions of TolQ, we pro-
vide evidence that TolQ forms dimers and confirm the interac-
tion of TolQ with both TolR and TolA. We then characterized
individual cysteine mutants to understand the contribution of
the TolQ TMHs residues for intra- and intermolecular
interactions.

EXPERIMENTAL PROCEDURES

Strain, Plasmid Construction, and Growth Conditions—The
GM1 E. coli TPS13 (¢0lQR (36)) and Tuner (DE3) (Novagen)
strains were used. TPS13 strain contains an amber mutation
that decreases the production of ToIR to less than 10% (37).
Routinely, cells were grown aerobically in LB medium at 37 °C
supplemented with ampicillin (100 pg/ml) and/or kanamycin
(50 pmg/ml) when required. Plasmid pOK-Q,;;, and pQ8R
encoding functional TolQ proteins containing a C-terminal
hemagglutinin (HA) and a C-terminal 8-histidine tag, respec-
tively, and pUC-R encoding TolR, have been described else-
where (24, 38). pOK-T7Q8R was constructed using pOK-QR
(24) as template by two sequential PCRs: (i) insertion of the
sequence encoding the 8-histidine tag to t0/Q (using the same
primers as previously used for pQ8R) and (ii) the addition of the
sequence of the T7 promoter at the Xbal site upstream of
the lac operator sequence using primers: 5'-CCT-
ATAGTGAGTCGTATTAAtctagaATACACAACATACGA-
GCCGCG-3' and 5'-ATtctagaTTAATACGACTCACTAT-
AGGGGAATTGTGAGCGGATAACAATTTCACACAGG-
3" (Xbal site in lowercase letters, T7 promoter underlined).
The tolQ-8his gene was amplified using primers 5'-
CCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG-
ATATACATATGACTGACATGAATATCCTTGATTTGT-
TCC-3" and 5'-GGCTTTGTTAGCAGCCGGATCTCAGTG-
GTGGTGGTGGTGGTGATGATGGGCGCCCTTGTTGC-
TCTCGCTAAC-3" and inserted into the pET28 vector
(Novagen) by restriction-free cloning (39) to create pET-Q.
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TolQ cysteine mutants were obtained by PCR mutagenesis
using specific pairs of oligonucleotides (list available on
request) using pOK-Q;;, as template. The pOK-T7Q8R plas-
mid was used as template to construct the t0lQI157C-169C
mutant. All constructs were verified by restriction analyses and
DNA sequencing. Expression from pET-Q was induced by the
addition of 200 um isopropyl-B-p-thiogalactopyranoside for 1 h
at 30 °C, whereas expressions from pOK-QHA and pQ8R were
constitutive.

Phenotypic Analyses—QOuter membrane defects were assessed
by measuring the level of detergent susceptibility. Serial dilutions
of bacteria were spotted onto 1% deoxycholate (DOC)-supple-
mented LB plates. Survival was reported as the highest dilution of
strain able to form colonies. Colicin activities were checked by the
presence of halos on a lawn of the strain to be tested, as described
previously (18). Data are reported as the maximal dilution of the
colicin stock sufficient to inhibit cell growth. (colicin dilutions
between 10~ ¢ and 10~ m).

In Vivo Disulfide Bond Formation and Immunodetection—
Cysteine scanning was essentially carried out as described pre-
viously (22, 24) with slight modifications. 8 X 10® exponentially
growing cells were harvested and resuspended in 1 ml of 20 mm
sodium phosphate buffer (PBS), pH 6.8, and then treated for 10
min with 2.5 mm N-ethylmaleimide (NEM; Sigma) to block
reduced thiol groups. When required, cells were treated for 20
min with 0.3 mm copper (II) orthophenanthroline (CuoP;
Sigma) prior to blocking with NEM. After centrifugation, cell
pellets were resuspended in Laemmli loading buffer in the pres-
ence or absence of the reducing agent 3-mercaptoethanol. To
ensure oxidized environmental conditions at the periplasmic
and cytoplasmic sides of the TMH, cysteine mutants were also
analyzed from membrane preparations; cells were broken by
four freeze and thaw cycles, and the suspension was further
treated with 2.5 mm NEM. Membranes recovered upon ultra-
centrifugation were suspended in PBS buffer.

In Vivo Cross-linking and Immunodetection—Formaldehyde
cross-linking was performed as described previously (40). In
vivo cross-linking with ethylene glycol-bis(succinimidylsucci-
nate) (Pierce), dithiobis(succinimidyl) propionate (Pierce), and
dimethyl adipimidate (Pierce) were performed as described
previously (41). Proteins were separated on SDS-PAGE gels and
immunodetected with the anti-HA (Roche Applied Science) or
the anti-Penta-his (Qiagen) monoclonal antibodies (mAbs) and
secondary antibodies coupled to alkaline phosphatase using
5-bromo-4-chloro-3-indolyl phosphate (Sigma) and nitroblue
tetrazolium (Sigma). For co-immunoprecipitations, cells were
treated with formaldehyde and disrupted by sonication. Mem-
branes were recovered by ultracentrifugation (45 min at
90,000 X g) and solubilized in TES buffer (10 mm Tris-HCI, pH
7.5,5mM EDTA, 1% SDS) for 30 min at 37 °C in the presence of
protease inhibitors (Complete, Roche Applied Science). Sam-
ples were diluted 15-fold in TNE (10 mm Tris-HCI, pH 7.5, 5
mM EDTA, 250 mm NacCl) supplemented with 1% Triton X-100.
Solubilized samples were then subjected to immunoprecipita-
tion using anti-HA mAb coupled to protein G-agarose beads
(Amersham Biosciences) as described previously (22).

Protein Purifications—TolQg;; and TolQg;-G157C were
purified from membrane fractions. Membrane proteins were
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extracted using 1% n-dodecyl-B-p-maltoside in 20 mm Tris-
HCI, pH 8.0, 100 mm NaCl buffer in the presence of protease
inhibitors (Complete, Roche Applied Science). TolQg;; was
purified by ion metal affinity chromatography using nickel
resin (Qiagen) equilibrated in 20 mm Tris-HCI, 100 mm NaCl,
pH 8.0, buffer supplemented with 0.1% n-dodecyl-B-p-
maltoside. Eluted material was analyzed by SDS-PAGE, and
imidazole was removed by anion exchange chromatography
(ResourceQ column, GE Healthcare).

RESULTS

Tagged TolQ Is Functional—Because of the lack of availabil-
ity of specific anti-sera, the TolQ protein has never been immu-
nodetected using Western blot, precluding any characteriza-
tion. Interactions involving TolQ have been identified through
cross-linking and immunodetection using anti-TolR or anti-
TolA polyclonal antibodies (40, 42). We therefore constructed
plasmids pOK-Q,;, and pQ8R that encode the TolQ protein
fused to a C-terminal HA epitope and a histidine tag, respec-
tively. Immunoblot analyzes were performed on cell extracts of
strains expressing TolQ,;, from pOK-Q;, or TolQg;; from
pQ8R using monoclonal antibodies. We detected a protein of
~30 kDa, consistent with the predicted TolQ molecular mass.
To determine whether the addition of the C-terminal tags
affected TolQ function, we checked two phenotypes that cor-
related with a functional TolQ protein; outer membrane stabil-
ity was assayed by the level of periplasmic release and of DOC
sensitivity, whereas colicin import was assayed by the level of
sensitivity to the TolQ-dependent colicins A, E3, and E9. Both
constructions (pOK-Qy, (co-transformed with the compatible
TolR-producing pUC-R plasmid) and pQ8R) restored the outer
membrane stability and the colicin susceptibility of £0/QR cells
to wild-type levels (data not shown).

In Vivo Cross-linking Identifies Specific TolQ Complexes—To
determine whether the previously described TolQ-TolR inter-
action might be visualized upon chemical cross-linking, we
treated living cells expressing TolQ,;, with formaldehyde as
described under “Experimental Procedures.” Two major com-
plexes containing the TolQ,;, protein were observed, with rel-
ative migrations of ~43 and ~52 kDa (Fig. 14). According to
their apparent molecular masses, the 43- and 52-kDa com-
plexes correspond to TolQ,;,-TolR heterodimer and TolQy;
homodimer, respectively (Fig. 1A4). The composition of
the complexes was further validated by the observation that the
43-kDa complex disappeared in cells that do not produce the
TolR protein (Fig. 1A) and displayed a shifted mobility in
the presence of TolR variants (supplemental Fig. S1). These
complexes involve transmembrane or cytoplasmic segments
because utilization of the inner membrane-impermeant chem-
ical cross-linkers ethylene glycol-bis(succinimidylsuccinate),
dithiobis(succinimidyl) propionate, and dimethyl adipimidate
did not allow complex formation (data not shown). All these
complexes were not observed when TolQ was expressed
instead of TolQ,. Identical experiments in fol-pal mutant
strains indicated that none of these complexes contained the
TolA, TolB, or Pal subunits (data not shown). Two additional
high molecular mass complexes (a, ~70 kDa; b, ~100 kDa)
were also observed and likely involved TolQ multimers associ-
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FIGURE 1. TolQ forms multimers. A, in vivo formaldehyde (FA) cross-linking
of TPS13 (tolQR) cells producing the indicated Tol proteins (TolQR, TolQ, and
TolR; TolQyAR, TolQ,,s, and TolR; TolQy, s, TolQys, and no TolR). 0.4 X 108 cells
treated (+) or not (=) by the chemical cross-linked formaldehyde were
loaded on 12.5% acrylamide SDS-PAGE gel, and TolQ,,, and TolQ,;,-contain-
ing complexes were immunodetected using anti-HA mAb. The ~43-, ~52-
kDa, a and b complexes are indicated. B, ~0.5 ug of the purified TolQ8H
protein was treated (+) or not (—) with formaldehyde, loaded on a 12.5%
acrylamide SDS-PAGE gel, and immunodetected using anti-Hiss mAb. The
monomeric (Q) and dimeric (Q2) forms are indicated. C, TPS13 (to/QR) cells
producing TolQHA (TPS13 pOK-Qya, lane 1), TolQgy, (TPS13 pQ8R, lane 2), or
both proteins simultaneously (TPS13 pQ8R pOK-Qy,, lane 3) treated with
formaldehyde were solubilized. The TolQ,, proteins were immunoprecipi-
tated from detergent-solubilized membrane extracts using the anti-HA mAb,
and the TolQy, and TolQg,, proteins were immunodetected using anti-HA
(upper panel) and anti-His (lower panel) mAbs. Prestained molecular mass
markers (in kDa) are indicated.

ated with TolR because they disappeared in cells that do not
produce TolIR (Fig. 1A4). To further confirm that TolQ interacts
with itself, we purified TolQg;, from n-dodecyl-B-p-maltoside-
solubilized membranes of Tuner (DE3) cells overproducing
TolQgy; from pQ8R. The purified protein was then tested for its
ability to form multimers in vitro upon formaldehyde cross-
linking and Western blot immunodetections. Results displayed
in Fig. 1B showed that TolQg;; dimerizes. This result was fur-
ther confirmed by co-precipitation experiments using extracts
of cells producing both TolQg; and TolQy, .. Immunoprecipi-
tation using anti-HA beads showed that TolQg,; specifically
co-purified with TolQy,, (Fig. 1C), whereas TolQy;, co-puri-
fied with TolQg,; on metal affinity beads (data not shown).
Cysteine Scanning of TolQ TMHs—To gain further insight
into TolQ multimerization, we constructed single cysteine vari-
ants encompassing the three TolQ TMHs (TMH1, amino-acids
19-37; TMH2, amino acids 138 —-157; and TMH3, amino acids
169 -187) (see the topological model in Fig. 2B). Immunodetec-
tion indicated that all the TolQ mutant proteins accumulated at
comparable levels. We first carried out a phenotypic analysis of
cells expressing these t0lQ variants by testing (i) the sensitivity
to colicins A and E2 (Tol-dependent) and colicin D (TonB-de-
pendent, used as negative control) and (ii) the outer membrane
integrity following bacterial growth on DOC plates. Detailed
phenotypic analyses for these 58 single substitutions are pre-
sented Table 1 and summarized in Fig. 2. Most cysteine substi-
tutions that conferred tol and discriminative phenotypes gather
on one discrete face of TMH1 close to the cytoplasm (Ser*®-
Ser®'-1le*), two discrete faces of TMH2 (Gly'*'-Gly"**-Gly'*®
and Tyr'?°-Leu'**-Val'*®), and also close to the cytoplasm and
distribute all along TMH3 (Fig. 2A). The results of this cysteine-
scanning study were compared with those of TolQ site-directed
mutagenesis, which specifically modified small lateral chains,
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FIGURE 2. Summary of the TolQ cysteine substitution phenotypes. A, TolQ TMHs residues shown on a helical wheel projection from the periplasmic to the
cytoplasmic side. The color code summarizes the result of the phenotypic analyses of the cysteine substitutions (Table 1): WT phenotype (blue, colicin-sensitive
and DOC-resistant), tol phenotype (red, colicin-resistant and DOC-sensitive), and discriminative phenotype (cyan, colicin- and DOC-sensitive). The residues
used in the tandem cysteine scanning and lle’>* are numbered. Residues numbered on the outside of the wheel locate at the periplasmic side of the TMH,
whereas residues numbered on the inside locate at the cytoplasmic side. Periplasmic and cytoplasmic segments are indicated by unbroken and dashed lines,
respectively. The phenotypic analysis of ToIR TMH cysteine substitutions (30) is also reported using the same color code. B, schematic lateral view of TolQ and
TolR TMHs in which the residues used for the tandem cysteine mutagenesis are indicated by orange balls. The residues locating at the boundaries of each TMH

are numbered.
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TABLE 1
Phenotypic analysis of TolQ cysteine mutations

TPS13 (t0lQR) cells expressing both the wild-type (WT) tolR from the pUCR plasmid
and the #0/Q derivatives from the pOK-Q,, plasmid were tested for their susceptibility
to the Tol-dependent colicins A and E2 and Tol-independent colicin D (Ton-depen-
dent) and their susceptibility to DOC. Only the TolQ mutation is indicated, WT and
tolQ corresponding to the TPS13 pUCR pOK-Qy,, and TPS13 pUCR pOKI12 strains,
respectively. Colicin sensitivities were tested on bacterial lawns by the spot dilution
assay. The number indicated represents the maximal 10-fold dilution of the colicin stock
(~1 mg/ml) still able to kill the strain (R, resistant; 4, sensitive to the 10* dilution).
Underlined numbers correspond to turbid halo. Deoxycholate resistance was tested by
spotting 10-fold dilutions of the strain on 1% DOC LB plates. The number indicated
represents the maximal dilution able to form colonies (R, resistant; S, sensitive; numbers,
10” dilution). A summary is indicated in the Phenotype column using the color code
shown in Figure 2A: B (blue, WT phenotype, colicin-sensitive and DOC-resistant), R
(red; tol phenotype, colicin-resistant and DOC-sensitive), and C (cyan; discriminative
phenotype, colicin- and DOC-sensitive). The ability of the TolQ cysteine variants to
form homodimer (see supplemental Fig. S3) is indicated by + in the “complex forma-
tion” column. OM, outer membrane.

Colicin
activities
_ OM Complex
Mutation A E2 D stability (DOC) formation Phenotype
WT 4 4 4 R - B
t0lQ R R 4 S - R
TMH1
L19C 4 4 4 R - B
120C 4 4 4 R - B
M21C 4 4 4 R - B
L22C 4 4 4 R - B
123C 4 4 4 3 - B
L24C 4 4 4 3 - B
125C 4 4 4 3 - B
G26C 4 4 4 R - B
F27C 4 4 4 R - B
S28C 4 4 4 1 - C
129C 4 4 4 3 - B
A30C 4 4 4 3 - B
$31C 3 3 4 1 - C
W32C 4 4 4 R - B
A33C 4 4 4 3 - B
134C 4 4 4 3 - B
135C 4 4 4 1 - C
136C 4 4 4 3 - B
Q37C 4 4 4 3 - B
TMH2
P138C 4 4 4 1 C
Y139C 4 4 4 S C
1140C 4 4 4 R - B
G141C R R 4 S - R
L142C 4 4 4 1 C
F143C 4 4 4 3 B
G144C R R 4 S - R
T145C 4 4 4 R - B
V146C 3 4 4 1 - C
W147C 3 4 4 R - B
G148C 2 2 4 S - C
1149C 4 4 4 3 - B
M150C 4 4 4 1 C
H151C 4 4 4 R B
A152C 4 4 4 3 - B
F153C 4 4 4 2 - C
1154C 4 4 4 R + B
A155C 3 4 4 3 - B
L156C 3 4 4 3 - B
G157C 4 4 4 3 + B
TMH3
P169C 3 4 4 1 - C
G170C 4 4 4 R - B
1171C 2 3 4 3 - B
A172C 4 4 4 R - B
E173C R R 4 1 - R
A174C 4 4 4 1 - C
L175C 3 4 4 S - C
1176C 4 4 4 R - B
A177C 3 3 4 S - C
T178C 4 4 4 1 - C
A179C 4 4 4 R - B
1180C 4 4 4 R - B
G181C 4 4 4 1 - C
L182C R R 4 S - R
F183C 4 4 4 3 - B
A184C 4 4 4 R - B
A185C 4 4 4 R - B
1186C 3 3 4 1 - C
P187C 4 4 4 S - C
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FIGURE 3. TolQ dimerizes through TMH2-TMH2 contacts. A, 0.4 X 10®
Tuner (DE3) pET-Q cells producing the indicated TolQg,, variant were incu-
bated (lower panel) or not (upper panel) with 0.3 mm CuoP before treatment
with the thiol-blocking agent NEM. Heat-denatured samples were loaded on
anon-reducing 12% acrylamide SDS-PAGE gel and analyzed by Western blot
immunodetections using anti-Hiss mAb. Prestained molecular mass markers
(in kDa) and TolQ monomers (Q) and dimers (Q2) are indicated. B, about 3 ug
of n-dodecyl-B-p-maltoside purified TolQg,,157C treated (+) or not (—) with
the reducing agent B-mercaptoethanol (red) was loaded on a 12.5% acrylam-
ide SDS-PAGE gel and analyzed by Coomassie Blue staining.

Pro, and hydrophilic residues (18). Comparable phenotypes
were obtained for substitutions except for some mutations for
which the bulk or the charge of the lateral chains differ from
that of a cysteine and two substitutions (Gly'*” and Glu'”?; sup-
plemental Fig. S2).

We then tested whether the single cysteine substitutions
might induce intermolecular disulfide bonds. Total membrane
extracts were treated with the thiol-blocking agent NEM and
analyzed using non-reducing SDS-PAGE conditions. Two
TolQ cysteine mutants, 1154C and G157C, formed homo-
dimers (supplemental Fig. S3). Interestingly, these two residues
are present on the same face of TMH2, separated by one helix
turn, and close to the periplasmic side. These dimers were not
observed in the presence of reducing agent (data not shown).
Because the experiments were performed with membrane
preparations and could reflect artifactual cysteine oxidization,
the experiments were repeated with whole cells producing
TolQy, 4 or overproducing TolQg,, that were directly treated by
NEM. Identical results to those with membrane preparations
were obtained for the TolQ,;, variant-producing cells (data not
shown). The TolQgy, variants that were overexpressed included
the residues shown to dimerize (TolQ154C and TolQ157C),
the residues flanking the TolQ TMHs, and the TMH2 A155C as
control. The results of disulfide bond formation on intact cells
overproducing the TolQg,; variants confirmed that TolQ154C
and TolQ157C formed homodimers, whereas TolQ155C
remained as a monomer (Fig. 34, upper panel). The addition of
the oxidizing agent CuoP on intact (Fig. 34, lower panel) or
disrupted cells (not shown) resulted in an increase of
TolQ154C and TolQ157C dimer levels and the apparition of
a weak TolQ169C dimer. Coomassie Blue staining of puri-
fied TolQ157C further indicated that the dimer accumulated
in significant amount even in the absence of CuoP (Fig. 3B).

To broaden the results on TolQ TMHZ2 intermolecular disul-
fide bond formation, we constructed ExbB cysteine substitu-
tions, targeting the ExbB-Ile'*”, -Gly'*®, and -Ala"®° residues.
These residues correspond to the TolQ-Ile'**, -Ala'®®, and
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FIGURE 4. Tandem cysteine scanning of TolQ TMHs. A, summary of the
residues present at the cytoplasmic (cyto) and periplasmic (peri) extremities of
the TolQ TMHs targeted for the tandem cysteine scanning. All tandem com-
binations at the cytoplasmic or periplasmic side were tested for their pheno-
types (Table 2) and their ability to form disulfide bridges (see supplemental
Fig. S4). B, representative profiles obtained for TolQ double cysteine mutants.
Membrane extracts from 0.4 X 108 TPS13 (to/QR) cells producing TolR and the
WT TolQ,,, protein (class i, lane 1) or the TolQu,-G157C (class ii, lane 2),
-G157C/P169C (class iii, lane 3), or -Q37C/1186C (class iv, lane 4) cysteine
mutants were loaded on a 12% SDS-PAGE gel and analyzed by Western blot
immunodetections using anti-HA mAb (upper panel, non-reducing condi-
tions (ox); lower panel, B-mercaptoethanol-treated samples (red)). The TolQ
monomer and multimers are indicated by arrows on the left. The asterisk
indicates a TolQ mobility shift associated with an intramolecular disulfide
bond.C, 0.4 X 108 Tuner (DE3) cells producing the TolQg,,-G157C/P169C dou-
ble mutant, treated (+) or not (—) with the oxidative agent CuoP, were heat-
denatured in Laemmli buffer and analyzed by non-reducing 12% acrylamide
SDS-PAGE gel and Western blot immunodetection using anti-Hiss; mAb.
Prestained molecular mass markers (in kDa) are indicated on the left.

-Gly"®” positions, respectively. As observed for TolQ, ExbB-
1157C and -A160C formed disulfide bond dimers, whereas no
thiol-linked product was observed with ExbB-G158C (data not
shown).

Tandem Cysteine Cross-linking Identifies Intra- and Intermo-
lecular Interactions between TolQ TM Segments—To further
define the overall organization of TolQ multimers, we per-
formed a tandem cysteine scanning (Fig. 4A). We targeted res-
idues from two different TMHs and present on the first and last
helix turns of the TMH. Combinations between three residues
located at the cytoplasmic side and three at the periplasmic side
were constructed, leading to 54 double mutants.

The tandem tolQ mutants were tested for colicin susceptibil-
ity and outer membrane defects (Table 2). In general, combin-
ing mutations resulted in the phenotype of the less tolerant
mutant or to additive effects. It is noteworthy that we did not
observe compensatory mutations (i.e. a second Cys mutation
compensating the effect of the primary mutation). As an exam-
ple, although the single G157C and P169C mutations conferred
few membrane defects and little colicin tolerance (see Table 1),
the double G157C/P169C substitution induced strong effects
for both phenotypes. The TolQ double mutants were then
tested for their ability to form disulfide bonds. Membrane
extracts were treated with NEM and separated on non-reduc-
ing SDS-PAGE gels. The results of TolQ,;, immunodetection
revealed four profiles: (i) monomer; (ii) dimer (intermolecular
S-S bridge); (iii) high order multimers; and (iv) slight aberrant
shift mobility of monomer (supplemental Fig. S4). A represen-
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TABLE 2
Phenotypic analysis of TolQ double cysteine mutations

Same legend as Table I except that additional complexes (see supplemental Fig. S4)
are indicated in the Complex formation column (di, dimer; (di), weak dimer; in,
intramolecular bond; x, multimer).

Colicin
activities

= Complex
Mutation A E2 D

DOC formation Phenotype

- B
- R

WwWT
tolQ

Periplasmic side
L19C/A155C
L19C/L156C
L19C/G157C
L19C/P169C
L19C/G170C
L19C/1171C
120C/A155C
120C/L156C
120C/G157C
120C/P169C
120C/G170C
120C/1171C
M21C/A155C
M21C/L156C
M21C/G157C
M21C/P169C
M21C/G170C
M21C/1171C
A155C/P169C
A155C/G170C
A155C/1171C
L156C/P169C
L156C/G170C
L156C/1171C
G157C/P169C
G157C/G170C
G157C/1171C

Cytoplasmic side
135C/P138C
135C/Y139C
135C/1140C
135C/A185C
135C/1186C
135C/P187C
136C/P138C
136C/Y139C
136C/1140C
136C/A185C
136C/1186C
136C/P187C
Q37C/P138C
Q37C/Y139C
Q37C/1140C
Q37C/A185C
Q37C/1186C
Q37C/P187C
P138C/A185C
P138C/1186C
P138C/P187C
Y139C/A185C
Y139C/1186C
Y139C/P187C
1140C/A185C
1140C/1186C
1140C/P187C
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tative example of each of the four classes is shown in Fig. 4B
(upper panel). Migration of these samples in reducing condi-
tions led to the immunodetection of TolQ,;, monomers; inter-
estingly, class iv mutants recovered a wild-type mobility (Fig.
4B, lower panel), suggesting that the slight mobility defect of
these mutant proteins in non-reducing conditions reflects
intramolecular disulfide bond formation.

Analysis of the TolQ;;, double cysteine mutant collection
revealed intermolecular interactions between TMH2 and
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TMHS3 residues located at the cytoplasmic (Tyr'*-Ala'®,
Tyr'**-1le'®®, and Ile'*°-Ala'®) or at the periplasmic side
(Ala'®>-Pro'®®, Gly'*”-Pro'®’, and Gly'*’-Gly'”°) (supplemen-
tal Fig. S4). Cysteine residues at positions 155 and 157 form
weak dimers with cysteine residues present on TMH3 (Ala'>°-
Gly'7°, Ala'*>-lle'”!; Gly'*’-1le'”"). Weak dimers were also
observed at the cytoplasmic and periplasmic interfaces (GIn®’-
Tyr'*® and GIn*’-1le'*’; Leu'®®-Pro'®®, Leu'**-Gly'”°, and
Leu'?°-Tle'”"; Ile*°-Ala'>®). More interestingly, it is noteworthy
that disulfide bridges occurred between TMH2 and TMH3 res-
idues but only rarely between TMH1 and TMH2 or TMHS3.
TMH1 is likely involved in intramolecular interactions because
class iv combinations were detected between TMHI1 and
TMH2 (1le**-Pro*?%, 1le**-Tyr'*°, and Ile**-1le’*°), as well as
between TMH1 and TMH3 (GIn®*’-Ala'®® and GIn®’-Ile'®°)
(supplemental Fig. S3). Importantly, no intramolecular disul-
fide bridge between TMH2 and TMH3 was detected. Because
G157C substitution alone resulted in homodimer formation,
the dimers that contain the G157C substitution were not con-
sidered except when double substitutions allowed the forma-
tion of multimers of higher multiplicity than dimer.

To avoid oxidation artifacts due to membrane preparation
before the alkylation of thiol groups, we reproduced the exper-
iments with intact cells directly treated by NEM. In these con-
ditions, cysteine residues located at the periplasmic side were
still able to cross-link as observed in supplemental Fig. S4,
whereas no cross-link was detected for cysteines located at the
cytoplasmic side (data not shown). This is in agreement with
the reducing environment of the cytoplasm. To verify that mul-
timer formation was not an artifact due to the HA tag, we intro-
duced the G157C and P169C substitutions into the pOK-
T7Q8R plasmid. Cells overproducing TolQg;-G157C/P169C
were treated by NEM prior to SDS-PAGE analysis. Immunode-
tections using the anti-His mAb revealed that TolQg,;-G157C/
P169C formed multimers. Although multimers containing up
to five TolQ proteins can be detected under low TolQ,,, pro-
duction (Fig. 4B), an additional higher TolQ multimer was
obtained under TolQg,;-overproduced conditions (Fig. 4C).
Treatment of intact cells overproducing the TolQg,; variant
with CuoP resulted in decreased amounts of the TolQgy,
monomer and dimer and increased multimeric forms of higher
molecular weight (Fig. 4C).

DISCUSSION

TolQ Multimerizes—The TolQRA proteins of the Tol-Pal
system form a complex in the inner membrane. Genetic and
biochemical studies have evidenced pairwise interactions
between the transmembrane segments of these three subunits.
Using formaldehyde cross-linking, TolR has been shown to
form dimers and to interact with both TolQ and TolA (42).
TolA has been shown to interact with both TolQ and TolR
using similar approaches (40). Isolation of suppressive muta-
tions also brought information on heterodimer formation. Sup-
pressive mutations of the non-functional TolQ mutants,
A177V (TMH3) (43) or T145A (TMH2), were identified in the
TolR anchor, whereas a suppressive mutation of the TolR D23A
mutant was isolated in TolQ TMH3 (18). The TolA TMH inter-
acts with the TolQ TMHI, as shown by the suppressive muta-
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tion of the conserved His*? (H22P and H22R) residue of TolA
found in TolQ TMHI1 (44). Within TolQ, two other intragenic
suppressive mutations were identified, including the couples
Gly"** (TMH2)/Ala'®* (TMH3) and Ala'’” (TMH3)/Leu"®
(TMH1) (18, 43). However, the lack of reliable anti-TolQ anti-
body prevented further studies on this protein. In this work,
using functional tagged TolQ proteins, we demonstrated that
TolQ interacts with TolR and with itself. Formation of TolQ
multimers was confirmed by co-immunoprecipitation and in
vitro cross-linking experiments using the purified His-tagged
TolQ protein. Our results correlate with previous studies on the
homologous ExbB and MotA proteins. Chemical cross-linking
showed that ExbB forms homodimers and homotrimers (45),
and a recent study demonstrated that ExbB assembles as a sta-
ble oligomer containing 4 —6 molecules (46). Although no bio-
chemical evidence had demonstrated MotA dimerization,
intermolecular disulfide bonds were identified using a cysteine-
scanning approach (16, 47). These latter studies also identified
MotA TMH residues that face each other.

Organization of TolQ TMHs—The cysteine-scanning
approach reported in our work also provides important infor-
mation on the overall organization of the TolQ helices. We
showed that two residues, Ile'>* and Gly**”, located on the same
face at the periplasmic side of TMH2, are at the interface of two
TolQ molecules. Identical results were obtained using mem-
brane preparations or intact cells producing TolQ variants or
both TolQ variants and TolR. The TolQ homodimerization is
therefore independent of the ToIR protein and may reflect an
interaction of TolQ TMH2 either within the same TolQR com-
plex or between two adjacent TolQR complexes. Although
Tyr'®® and Phe'*? locates on the same face of TolQ TMH2 but
on the cytoplasmic side, we did not observe intermolecular
disulfide bonds between TolQ-Y139C or TolQ-F143C even
upon oxidized conditions in membrane extracts. This result
suggests that the two adjacent TMH2 helices are either twisted
or kinked, with closer contacts at the periplasmic side (Fig. 5A4).
An alternative hypothesis is that the two bulky Tyr'* and
Phe'*? residues pull out the two helices at the cytoplasmic side.

With the limited information obtained with single cysteine
substitutions, we constructed tandem cysteine mutants. We
restricted our study to one helix turn (three residues) located at
the cytoplasmic or periplasmic side of the TMHs. The 54
mutants were analyzed for their ability to form inter- and intra-
molecular interactions (Fig. 5). Overall, our results demon-
strated TMH1-TMH2 and TMHI1-TMH3 intramolecular
interactions (Fig. 5A, blue sticks). This result supports previ-
ously published data identifying the TMH1 L19P mutation as a
suppressor of the TMH3 A177V substitution (43). Intramolec-
ular interactions have been obtained with tandem substitutions
located at the cytoplasmic side, suggesting that TMH1-TMH2
and TMH1-TMH3 contacts are closer at the cytoplasm bound-
aries (Fig. 5A). It is important to note that no intramolecular
interaction has been identified between TMH2 and TMHS3.
Although this first seems contradictory with recent results that
identified suppressive and compensatory effects between
TMH2 and TMH3 mutations (18), it remains possible that sup-
pression occurred between two adjacent TolQ molecules or
that the lack of disulfide bond might be due to misorientation of

VOLUME 286+NUMBER 13-APRIL 1, 2011


http://www.jbc.org/cgi/content/full/M110.192773/DC1
http://www.jbc.org/cgi/content/full/M110.192773/DC1
http://www.jbc.org/cgi/content/full/M110.192773/DC1
http://www.jbc.org/cgi/content/full/M110.192773/DC1

TolQ Membrane Helix Organization

Q37

(L19136
G170

e O a1gs D23 —_

== E173 T35
¢ P169

11860 (P187) 1.22

FIGURE 5. Schematic model of the TolQ and TolR TMH interactions. A, putative model of TolQ TMH arrangement emphasizing side-specific contacts. Two
adjacent TolQ molecules are depicted. TMHT1, -2, and -3 are indicated. Residues of TMH1 (light pink), TMH2 (light green), and TMH3 (light blue) involved in
intermolecular (symbolized by red sticks) and intramolecular (symbolized by the blue sticks) interactions are indicated. Putative TMH rearrangements are
indicated by green arrows. B, putative model of TolQ-TolR TMHs organization. TolQ-TolR residues in contact are shown in a model containing six TolQ
molecules, two TolR molecules, and two putative ionic channels. TolQ TMH organization defined by genetic suppressive data was kept identical in each TolQ
molecule. Balls represent cysteine-substituted positions involved in disulfide bond formation (large balls, residues at the periplasmic side of TMHs; small balls,
residues at the cytoplasmic side of TMHs). Disulfide interactions are symbolized by red (intermolecular) or blue (intramolecular) sticks, whereas suppressor pairs
are indicated by black sticks (unbroken, periplasmic side; dotted, cytoplasmic side). Numbers above the sticks indicate the following TMH intermolecular
interactions: i) suppressors, (1) TolR-D23A/TolQ-A185D; (2) TolR-M33Q/TolQ-T145A; (3) TolQ-H151E/TolQ-E173Q; (4) TolQ-G144A/TolQ-A184G; (5) TolQ-
A177V/TolQ-L19P; ii) cysteine substitutions, (6) TolQ-Gly'*”/TolQ-Pro'®®; (7) TolQ-Gly'*”/TolQ-Gly'”%; (8) TolQ-Ala'>*/TolQ-Pro'%; (9) TolQ-Tyr'*°/TolQ-Ala'®>;
(10) TolQ-Tyr'*°/TolQ-lle'®%; (11) TolQ-lle'*°/TolQ-Ala'®; (12) TolR-Leu??/TolR-Leu??; (arrow) TolR-Val**/TolR-Val®*; (157) TolQ-Gly'>’/TolQ-Gly'*?; (154) TolQ-
Gly'>*/TolQ-Gly'>*. The intramolecular TMH1-TMH2 and TMH1-TMH3 interactions indicated by blue sticks are shown without numbering (TolQ-lle**/TolQ-
Pro'38/Tyr'3%/lle’*° and TolQ-GIn*’/TolQ-Ale'®/lle'®). The different TMHs of the TolQ and TolR proteins are shown in the inset with residues shown to be
involved in dimer formation in this work (represented by gray balls). Polar (red balls) and small lateral chain residues (white balls) characterized in previous

studies (18, 24) are also indicated.

the cysteine side chains. Indeed, a number of intermolecular
bridges between TMH2 and TMH3 were observed (Fig. 54, red
sticks). We also observed intermolecular contacts between two
adjacent TMH2 helices. Taking into account these results, the
first hypothesis is that adjacent TolQ molecules are mirrored,
contacting each other through a TMH2-TMH2 and conse-
quently a TMH3-TMH3 interface. For example, whereas
G157C alone forms dimers, the introduction of an additional
second mutation (either P169C or G170C) within TMH3 will
induce the formation of multimers. By contrast, the cysteine-
scanning of the MotA protein indicated intermolecular con-
tacts between the TMHs homologous to TolQ TMH2 and
TMH3 (16). Although it remains possible that TolQ and MotA
do not share identical organizations, Braun et al. (16) reported
the observation of MotA multimers by combining the V181C
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and F210C cysteine substitutions. Our results also demonstrate
formation of intermolecular TMH2-TMH3 contacts at the
cytoplasmic side. The absence of dimerization of the single cys-
teine substitutions (Y139C, A185C, and 1186C) and the dimer
formation of the tandem cysteine substitutions argue in favor of
TMH2-TMHS3 interactions in which disulfide bridges result
from heterocysteine contacts at the cytoplasmic side (Fig. 54,
red sticks). It is thus difficult to reconcile TMH2-TMH2 con-
tacts at the periplasmic side and TMH2-TMH3 contacts at
the cytoplasmic side. An exciting and interesting possibility
will be that broad rearrangements occur between the TMH2
and TMH3, allowing cyclic transitions between TMH2-
TMH2 contacts through the periplasmic side to TMH2-
TMH3 contacts at the cytoplasmic side (Fig. 54, green
arrows). We are currently investigating the different possi-
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bilities by mass spectrometry analyses of purified thiol-
linked multimers.

Interestingly, we broadened our results on the TolQ protein
to the homologous ExbB protein of the ExbB-D complex. As
expected from the strong conservation of the TMHs of TolQ
and ExbB proteins, we observed intermolecular bonds between
ExbB TMH2 cysteine mutants.

A putative model of TMH organization in the TolQR com-
plexis shown in Fig. 5B. The large number of helices involved in
TolQ-TolR complex assembly renders it difficult to draw a ten-
tative model of TolQR TMH organization based on our cys-
teine scanning and on previously published genetic data. This is
even more complicated if we complete the model with the
ExbBD and MotAB data. We therefore restricted the model to
the cysteine-scanning and genetic data on the TolQR complex.
Although we can accommodate most of the intra- and intermo-
lecular interactions, several identified contacts are difficult to
reconcile with the current model. The difficulty to draw a clear
and comprehensible static model can be inferred from the facts
that (i) several of these TMHs might be twisted, kinked, or
arranged in a non-parallel organization and (ii) these proteins
are probably involved in a highly dynamic process involving
periodical TMH rearrangements. Indeed, the TolR anchor (and
the corresponding TM segment of MotB) has been previously
shown to rotate (19, 24), whereas large conformational modifica-
tions of MotA have been evidenced by limited proteolysis (21).

The cysteine-scanning study of the TolQ TMHs gave signif-
icant results to address the TolQ organization within the
TolQR complex. However, a number of questions remain
unanswered such as the dynamic of TolQR TMH interactions
and conformations, as well as the regulation of these structural
modifications by the PMF.
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